Introduction
============

The edgewise system based on a 3-dimensional tooth control obtained by engaging a rectangular wire into a bracket with a rectangular slot was introduced by Angle \[[@b1-cm-92-294]\]. The difficulties in obtaining satisfactory treatment with the standard edgewise technique resulted in the development of brackets with built-in torque in the early 1960's. Ten years later, the straight wire appliance (SWA) was introduced by Andrews. Taking advantage of the control offered by the edgewise system, he advocated the use of the straight wire appliance (SWA) \[[@b2-cm-92-294]\]which greatly reduced the amount of routine wire bending needed for an average patient. Considering that SWA brackets contain the necessary information for the desired tooth position the only variables that still remain are tooth morphology and the position of the bracket on the surface of the tooth.

In the preadjusted appliance system, there is a different tip and torque value for every tooth. In order to do the effective comparison of stress changed between maxillary central incisor, lateral incisor and maxillary canine, the present study utilized standard edgewise bracket (no inbuilt tip and torque) with 2N of optimum orthodontic load with the only variable being tooth morphology and vertical bracket height.

The Standard Edgewise bracket with slots of 0.022" X 0.028" inch were placed on each tooth, on the labial surface at variable distances from the cusp tip, and a full size archwire was virtually engaged into the bracket. The optimum orthodontic load of 2N was applied and PDL stresses were calculated.

An analysis of the previous literature revealed that numerical methods to calculate stress and strain in the periodontium have been extensively used. Andersen KL, Pedersen EH and Melsen B \[[@b3-cm-92-294]\] reported a marked variation in the stress distribution from cervix to apex when tipping forces were applied. The bodily movement of the tooth produced almost uniform stress distribution whereas the torquing movements showed stress patterns exactly opposite to that of tipping. Masticatory forces alone caused patterns similar to those achieved by combination of masticatory and orthodontic forces.

Few experimental studies reported that using the finite element method will be the best non-invasive method for studying this phenomenon of variation in bracket position and its relation to stress pattern.

FEM offers an ideal method for accurate modeling of the tooth and periodontium with its complicated 3-dimensional geometry. It is comparatively more advantageous than other conventional methods for conducting studies as it generates a three-dimensional model with the freedom to simulate and study orthodontic force systems \[[@b4-cm-92-294]\].Thus, taking into consideration the numerous advantages which FEM offers, it was used in the present study.

In previous studies \[[@b5-cm-92-294],[@b6-cm-92-294]\] the stresses and strains were investigated within the periodontal ligament and surrounding bone, consequent to orthodontic loading of a tooth by application of the finite element method. In the finite element model, bone was found to experience a low strain of 1 × 10-5, whereas the periodontal ligament experienced a strain of 0.1 with the "tooth model". This later figure above the threshold is usually reported to be necessary to initiate the remodeling process. Further developments in this rapidly advancing area of biomechanical research should facilitate a greater increase in our knowledge of tissue stress and strain after loading \[[@b7-cm-92-294],[@b8-cm-92-294]\].

Similarly, some authors developed finite element models to simulate dynamic orthodontic treatments of the translation, inclination, and rotation of the left mandibular canine with transparent tooth correction system. Piecewise static simulations were performed to replicate the dynamic process of orthodontic treatments. The distribution and change trends of canine's displacements and stresses in the canine's PDL during the three types of tooth movements were obtained. Canine's movement type significantly influences the distribution of canine's displacement and stresses in the canine's PDL. Changes in canine's displacement and stresses in the canine's PDL were exponential in transparent tooth correction treatment \[[@b9-cm-92-294],[@b10-cm-92-294]\].

Hence the present three dimensional finite element study was aimed to evaluate the effect of tooth morphology and vertical positioning on resultant stress in periodontal ligament. The objectives were to determine the effect of variation in vertical bracket position on the stress distribution in periodontal ligament of maxillary anteriors due to variation in vertical bracket position and to determine the effect of variation in tooth morphology on stress in maxillary anteriors. This evaluation will further help the orthodontist to learn the need for correct bracket positioning for better control on three dimensional tooth movements and for better treatment outcome.

Methods
=======

The present study was done to evaluate the changed stress distribution in PDL with change in bracket position. In the present study, the three-dimensional model of the maxillary right central incisor, lateral incisor and canine were taken to evaluate the changed stress distribution in PDL with change in vertical bracket position.

The aim of the present study warranted the requirement to generate quality 3D mesh which necessitated the use of finite element software with good generation and meshing facility for accurate stress analysis. Hence, the present study utilized Solidworks 2016 (Dassault System Solidworks Corp. Massachusetts, U.S.A), Pro Engineering (PTC) and ANSYS 16.0 (Ansys, Inc Pennysylvania, United States) for the study in India.

The current study was divided under 5 heads \[[@b11-cm-92-294]\]
----------------------------------------------------------------

1.  Construction of geometric models

2.  Preparing the finite element mesh

3.  Validation of model

4.  Application of forces and boundary conditions

5.  Analysis of stress pattern

### 1) Construction of geometric models

It was carried out in following steps:

A.  Modeling of maxillary body (cortical and cancellous bone).

B.  Modeling of central incisor, lateral incisor and canine.

C.  Modeling of periodontal ligament.

D.  Modeling of the Bracket and Wire.

Owing to the complexity of geometry curves of maxillary bone and teeth, in generating an accurate geometry, a section of bone block of definite dimensions was designed as shown in [table I](#tI-cm-92-294){ref-type="table"} using the finite element method. This model included teeth, periodontal ligament (PDL), compact and cancellous bones.

Solid models of each component
------------------------------

### A. Modeling of maxillary body

As cortical bone and lamina dura have the same mechanical properties, both were modeled as cortical bone ([Figure 1](#f1-cm-92-294){ref-type="fig"}).

### B. Modeling of central incisor, lateral incisor and canine

Due to similar mechanical properties of the dentine and cementum, they were both considered as root dentine. To simplify the model in this study, only the mechanical properties of dentine were used \[[@b12-cm-92-294]\]. To determine the dimensions of the tooth, labial surface curvature, crown height, root length, buccolingual width, and mesiodistal width of the crown were designed.

To design the tooth model initially, the labial, palatal, distal, and mesial views of the given tooth were taken by scanner and converted into JPG files. The files were subsequently imported into AutoCAD and the boundary lines were plotted via spline curves. The plotted DWG files were generated and imported into solid work to produce three-dimensional volumetric models of the tooth's components. After the completion of volumetric model, the output X-T file was imported into ANSYS ([Figure 2](#f2-cm-92-294){ref-type="fig"}).

As the maxillary central incisor, lateral incisor and canine undergo the most detailed tooth movement and are at the higher risk for root resorption they were selected in the present study \[[@b13-cm-92-294]\].

### D. Modeling of the bracket and wire

A bondable stainless steel twin metal bracket of standard edgewise from DENTSPLY was designed, incorporating 0.022" X 0.028" inch bracket slot ([Figure 4](#f4-cm-92-294){ref-type="fig"}). The bracket was 'attached' to the tooth surface, and composite of thickness 0.2 mm \[[@b15-cm-92-294]\] was added to fill the gaps between the bracket and the tooth. A 0.019" X 0.025" inch stainless steel wire was designed and engaged into the brackets ([Figure 4](#f4-cm-92-294){ref-type="fig"}).

### 2) Preparing the finite element mesh

#### Meshing of all models

In the present study, four nodded tetrahedral elements model was used and consisted of 101816 of elements and 22381 nodes ([Figure 5](#f5-cm-92-294){ref-type="fig"}). To simplify the model and reduce the analysis time all materials were assumed to be isotropic and elastic. The mechanical properties (Poisson's ratio, Young's modulus) of the periodontal ligament, tooth, cortical and cancellous bone were obtained from previous studies given in [Table II](#tII-cm-92-294){ref-type="table"} \[[@b16-cm-92-294]\].

### C. Modeling of periodontal ligament

PDL was designed with a uniform thickness of 0.2 mm as described by Coolidgeand an isotropic behavior to PDL was assigned ([Figure 3](#f3-cm-92-294){ref-type="fig"}) \[[@b14-cm-92-294]\].

### 3) Validation of model

Highlighted wrapped, distorted or skewed elements were removed. Models were viewed at different orientations to confirm the corrections of the models.

### 4) Application of boundary conditions

Boundary conditions were defined at all peripheral nodes of the bone with zero degree of movement in all directions in order to calculate stress in PDL.

### 5) Analysis of stress pattern

The computerized model was transferred to ANSYS software (ANSYS WB 16). All the previously mentioned conditions (material properties, interface condition, meshing and loading) were included in this software. The rectangular wire was placed into the bracket in complete contact with the walls of the slot and 2N of load was applied on it.

#### Stress in the PDL

The Von-Mises stress in the PDL surface adjacent to the roots was calculated for the various bracket distances.

#### Tooth Morphology

The labial contour of the crown surface differs at different heights on the crown of the same tooth. Therefore, tooth morphology was also considered in this study.

#### Analysis variables

The bracket's vertical position initiated at 1.5 mm (distance between the center of the slot and the cusp tip) was the most occlusal distance that provided a good fit between the bracket base and the tooth surface. The bracket was then displaced 4.5 mm gingivally in 0.5 mm increments between subsequent models.

Statistical Analysis
--------------------

The data collected was entered in Microsoft Excel and subjected to statistical analysis using Statistical Package for Social Sciences (SPSS, IBM version 20.0). The level of significance was fixed at 5% and p≤0.05 was considered statistically significant. Descriptive statistics was used to determine the variables.

Results
=======

Initial analysis was carried out with bracket distance from the crest of the teeth as 1.5 mm. The boundary conditions remained same for all the models except the position of the bracket by which the moment values varies in the models. When the optimum force required for orthodontic tooth Movement of 2N \[[@b17-cm-92-294]\] was applied at various vertical bracket position from the 1.5 mm to the 6 mm, the important structural parameters of stresses were observed for different models ([Figure 6](#f6-cm-92-294){ref-type="fig"} and [Figure 7](#f7-cm-92-294){ref-type="fig"}). We considered in the present study that the maximum Von-Mises stress resulted from different bracket positions. [Figures 8](#f8-cm-92-294){ref-type="fig"} and [9](#f9-cm-92-294){ref-type="fig"} shows the maximum Von-Mises stress resulted by application of 2N force. The graph revealed that the maximum Von-Mises stress was at the central incisor in changing bracket position from the 1.5 mm to the 6 mm. [Figures 3](#f3-cm-92-294){ref-type="fig"}, [4](#f4-cm-92-294){ref-type="fig"} and [5](#f5-cm-92-294){ref-type="fig"} shows the different values of maximum von mises stress for cental incisor, lateral incisor and canine respectively at various vertical bracket position from the 1.5 mm to the 6 mm.

Discussion
==========

In the present study, a maxillary central incisor, lateral incisor and canine were designed, incorporating labial surface curvature dimensions of the tooth including crown height, root length, buccolingual width, and mesio-distal width of the crown. Standard edgewise bracket with slot of 0.022" X 0.028" inch with zero degree torque was placed on each tooth, on labial surface at variable distances from the cusp tip, and a full size arch wire was virtually engaged into the bracket, optimum orthodontic load of 2N was subsequently applied and the resultant PDL stress were calculated.

In orthodontics, the study of initial stress concentration in the PDL is important because the ligament acts as a mediator for the tooth movement and any alteration from the optimal force produces adverse effects on the tooth and periodontium such as apical root resorption and alveolar bone loss.

Orthodontic root resorption is frequently preceded by hyalinization of the PDL. Kurol and Owman-Moll \[[@b18-cm-92-294]\] reported hyalinized areas opposite to an intact root surface or close to an area of root resorption. An optimal force intends to induce a maximal cellular response and establishes stability of the tissue. An unfavorable force does not result in a precise biologic response and may initiate adverse tissue reactions. Ankita Anil Ringane \[[@b19-cm-92-294]\] reported Von Mises stresses in the bone and mini-implant were significantly higher in the lingual technique as compared to the labial technique. Middleton et al. \[[@b7-cm-92-294]\] used FEM to evaluate stresses and strains within the PDL and surrounding bone consequently to orthodontic loading of a tooth. These results suggested that the remodeling process may be controlled by PDL rather than the bone. During the initial force application, compression in limited areas in PDL frequently impedes vascular circulation and cell differentiation causing degradation of cells and vascular structures rather than proliferation and differentiation. The tissue change during this period is called hyalinization. The process of hyalinization is dependent on the local morphology of the compressed area, the magnitude of the applied force on the tooth and the duration of this force.

The most frequent complication preventing rapid tooth movement occurs when the applied force compresses the tooth against the alveolar bone that the PDL responds with local degeneration and sterile necrosis instead of cells that would have been able to perform the necessary reconstruction. This situation may lead to permanent damage on the involved tooth and its periodontium.

The present study highlights a method for in-vitro quantification of initial stresses and displacement perceived by tooth and periodontium during orthodontic tooth movement with change in vertical bracket position. In this study the highest stress were developed at the central incisor comparatively to lateral incisor and canine for the same bracket height and orthodontic load, which may be due to variation in tooth morphology. By displacing the bracket gingivally from 1.5 to 6 mm, a 16.2% decrease in stress level for central incisor, 25.8% decrease for the lateral incisor and 21.6% decrease for canine was noted. Hence, our study confirms that variation in vertical bracket position result in change in resultant stress in PDL and also confirms that due to variation in bracket position the highest stress was developed in central incisor which is most susceptible tooth for root resorption. In our study the relatively highest stress was developed for central incisor which is line with the study conducted by Vikram et al. \[[@b20-cm-92-294]\] and Jones et al \[[@b21-cm-92-294]\]. Our study revealed that the cervical region of the root and the areas close to the alveolar crest are among the main areas of stress concentration which is in accordance with the study done by Sardarian et al \[[@b22-cm-92-294]\].

In our study the highest compressive stress were developed in apical area where as the highest tensile stress was constricted at cervix of both incisors and canine which is in line with the study done by Shahri et al \[[@b12-cm-92-294]\]. Papageorgiou et al. \[[@b23-cm-92-294]\], in their study reported that Strains in the PDL were affected mainly by CRA (up to 54 per cent), followed by bracket positioning (up to 45 per cent). These results shine light on the importance of proper bracket positioning when using the straight wire appliance. However, the differences in the absolute values in the results obtained between the present study and those of the other previous studies could be due to the assumptions of physical properties of the tooth and periodontium, differences in morphometric of the tooth and PDL dimensions, the software used for the analysis and the number of nodes and elements used in the study.

The results of the present study offer encouraging clinical possibilities and must be accepted with guarded optimism. Further research is needed to compare the effect of tooth morphology and vertical bracket positioning on change on resultant stress in periodontal ligament.

Conclusion
==========

The orthodontic forces applied during the tooth movement results in relatively high stress on the periodontal ligament. Based on the findings of the present study it can be concluded that the highest Von- Mises stress distribution was always around the cervical even at variable bracket position resulting in a more susceptible area for potential tissue damage. When an evaluation of stress distribution according to the teeth was done it was seen that the highest stress was developed at the central incisor when compared to lateral and canine. Future studies warrant attention to factors such as type of bracket slot, arch wire, the resin tooth and resin bracket interface.
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###### 

Measurement of the teeth: All values are in mm.

  Tooth             Cervico incisal length of crown   Length of root   Mesio distal diameter of crown   Mesio distal diameter of crown at cervix   Labio lingual diameter of crown   Labio lingual diameter at cervix   Curvature of cervical line mesial   Curvature of cervical line distal
  ----------------- --------------------------------- ---------------- -------------------------------- ------------------------------------------ --------------------------------- ---------------------------------- ----------------------------------- -----------------------------------
  Central incisor   10.5                              13.0             8.5                              7.0                                        7.0                               6.0                                3.5                                 2.5
  Lateral incisor   9.0                               13.0             6.5                              5.0                                        6.0                               5.0                                3.0                                 2.0
  Canine            10.0                              17.0             7.5                              5.5                                        8.0                               7.0                                2.5                                 1.5

###### 

Mechanical properties of Structures \[[@b12-cm-92-294]\].

  Materials         Young's modulus (Mpa)   Poisson's ratio
  ----------------- ----------------------- -----------------
  Enamel            84,100                  0.33
  Dentin            18,600                  0.30
  Alveolar bone     490                     0.30
  Cortical bone     14,700                  0.30
  PDL               0.1                     0.45
  Composite         2,140                   0.31
  Stainless steel   200,000                 0.30
